Using the field data in a deep excavation engineering as a reference, adopt the finite element numerical simulation combined with elastic-plastic phase displacement back analysis method, taking the revised range tolerance and standard deviation as the convergence criteria, from shallow to deep, to carry out the optimization of soil small strain stiffness parameters on ground subsidence and deformation of retain wall induced by the deep excavation, forming a system of fast, reliable and high-precision prediction method of new deep excavation. Through the inversion analysis of other two excavations, it is concluded that using this method for predicting the excavation has higher degree of agreement, to provide a more reliable means of analysis and basis for preventing the risk of deep excavation and protection of the surrounding buildings.
INTRODUCTION
Foundation pit engineering often has certain influences on surrounding environment and existing buildings (structures) (Du and Yang, 2009; Li and Duan, 2013) . However, due to the complexity of its mechanical characteristics, the excavation prediction of foundation pit engineering is difficult (Huang and Wang,2012; Wu and Ching.2014) . In recent years, finite element numerical simulation is a feasible and effective method that can relatively comprehensively simulate foundation pit engineering and takes actual conditions into consideration (Nogueira and Azevedo, etc, 2011; Schweiger and Vermeer, 2009; Ying and Guo, 2008; Son and Cording, 2008; Wang, 2013) Based on this, this paper attempted to apply finite element to conduct inversion for the measured data of some important indexes of foundation pit engineering, correct the mechanical parameters for rock and soil in numerical prediction, and provide high-precision mechanical parameters for further analysis of construction prediction of deep foundation pit engineering. In recent years, small strain soil hardening constitutive model is considered to be mechanical response characteristics of small strain that can accurately reflect foundation pit engineering (Chu and Li, 2010; Liu and Wang, 2014; Wang and Xu, 2011; Benz and Vermeer,2009; Yin, 2010) . This paper will conduct positive and negative optimization for the measured data of the excavation of standard section of foundation pit according to three important parameters in small strain model that are sensitive to settlement outside the foundation pit and deformation of building envelope, namely original shear modulus ref G 0 , small strain parameter 7 . 0  and triaxial test secant modulus ref E 0 . The high-precision rock and soil parameters obtained from previous monitoring and inversion can provide more reliable prediction analysis for later excavation of deep foundation pit as well as more reliable guarantee for preventing the excavation risk of foundation pit and protecting surrounding buildings.
OPTIMIZATION METHOD FOR THE PARAMETERS OF SMALL STRAIN STIFFNESS

Elatic-plastic Staging Displacement Back Analysis Method
Taking the monitoring results of shallow excavation of standard section of foundation pit as benchmark object, back analysis was conducted through adjusting the ref G 0 , of all soil stratums and the errors of optimum values of reference indexes were controlled within 10%. An index σ of dispersion degree of data point with more representations could be obtained through applying the calculation method of similar standard deviation and its value was controlled with 15%, thus to obtain the optimized high-precision secant modulus and small strain stiffness. The optimized results could be tested through monitoring data of deep excavation and secant modulus and small strain stiffness could be further optimized to obtain high-precision model parameters finally, which could be used for further excavation of the predicted foundation pit.
This study optimized stiffness parameters by the method of displacement back analysis combined with normal calculation prediction and it could be divided into the following steps:
Step 1 The displacement of surrounding soil stratum and the displacement of retaining wall of foundation pit were monitored after the excavation of each construction stage;
Step 2 Under the conditions of elasticity and homogeneous assumption, finite element method was applied to calculate the displacement of surrounding soil stratum and the displacement of retaining wall of foundation pit;
Step 3 Error calculation was conducted through the comparison of the measured displacement outside excavation pit and retaining wall in early stage and corresponding numerical simulation;
Step 4 In case the error was in the acceptable range, parameter optimization of this construction stage was stopped to enter into the next stage, or secant modulus and parameters of small strain stiffness were adjusted until the error was in the acceptable range.
Step 5 Entered into the next construction stage and repeated Step 1 to Step 4 until the completion of the excavation of this cross section.
Step 6 Entered into the prediction of the next excavation cross section and repeated Step 1 to Step 5.
Evaluation of Calculation Indexes and Variable Methods
With the help of main theories of range and standard deviation, this study formulated the standards for parameter evaluation. The calculation formula of range was as follows:
This study evaluated the error of extreme value of calculated value and measured value and the above formula was adapted and modified as max( ) max( ) 100% max( )
Among which, D referred to the maximum absolute value of the measured data and X referred to the maximum absolute value of the result of numerical simulation.
Calculating method of standard deviation 2 1 1 ( )
Among which, numerical value X 1 , X 2 , X 3 , ......X N (were real numbers). Their mean value (arithmetic mean value) was μ and standard deviation was σ.
Standard deviation was used to represent the discretization error between the solved numerical value and on-site measured value. The measured data was used to replace μ in the original formula. The modified calculation formula of the standard deviation was as follows:
Among which, N referred to the number of point sites, X i referred to the calculated value of the ith point site, and D i referred to the measured value of the ith point site. Figure 2 ) in the section of standard profile of foundation pit (see Figure 1) were selected for studying.
The corresponding relation between the studied section and monitoring section was determined according to design data, as shown in Figure 2 .
Figure 2. Location of axis and the monitoring diagram
HIGH-PRECISION OPTIMIZATION OF THE PARAMETERS OF SMALL STRAIN STIFFNESS FOR FOUNDATION PIT ENGINEERING
Numerical Model
Calculation model applied plane strain model to constrain the vertical displacement at the bottom of the model and the horizontal displacement at both sides of the model, as shown in Figure 3 . Soil applied small strain soil hardening model and retaining pile and concrete support applied plate element simulation. Erect column pile played the auxiliary and support role in concrete support and applied spring element simulation. See Table 1 for the initial physical mechanics indexes of soil stratum. The distribution of soil stratum was on the basis of the exploration data of all sections. According to engineering design and construction steps, excavation and support of foundation pit were conducted in accordance with the working conditions showed in Table 2 , taking precipitation factor into consideration. Construction was conducted for the first steel support, with the pre-stressing of 600 kN Phase 4
Lowering the water level and conducting excavation to the depth of 7.6 m Phase 5
Construction was conducted for the second steel support, with the pre-stressing of 800 kN Phase 6
Lowering the water level and conducting excavation to the depth of 12 m Phase 7
Construction was conducted for the third steel support, with the pre-stressing of 800 kN Phase 8
Lowering the water level and conducting excavation to the depth of 16.5 m
Parameter Optimization for the Corresponding Section of Axis 4
According to on-site exploration data, the approximate distribution of the corresponding soil stratum of Axis 4 was listed as Table 3 . This study gave priority to the deformation precision of stratum around the foundation pit and took the deformation of retaining wall of the foundation pit as auxiliary optimization index. In numerical model, the selected monitoring points on earth surface corresponded to the observation points of on-site settlement, namely 7m, 15m, 23m and 32m from retaining wall respectively. The displacement monitoring points on retaining wall took the depth of 6m and 12m. See Figure 4 for the layout of monitoring points. 
Monitoring Results of the Corresponding Section of Axis 4
See Table 4 for the on-site measured values of all monitoring points in main construction stages. 
Parameter Optimization of Phase 4
The measured data of Phase 4 and the calculated results of initial values were compared and their deviations were shown in Table 5 . See Figure 5 for the corresponding deforming mesh of Phase 4 under initial soil parameters. (1) First parameter optimization At first, calculation parameters were selected according to geological prospecting and experience. The comparison between the calculated results and the measured results showed that the calculated results of ground surface settlement were small. Therefore, the stiffness parameters for the above soil were needed to be decreased. According to inclinometry results, the horizontal displacement of retaining wall was larger than the measured displacement, so the stiffness of lower soil could be increased. Parameters were increased or decreased by 50% and the stiffness parameters after first optimization were shown in Table 6 . Moreover, the stiffness parameters of small strain soil hardening model should meet ref
After the first optimization of soil stiffness parameters, the calculated deforming mesh corresponding to Phase 4 was shown in Figure 6 and the deviation between the on-site measured value and the calculated value was shown in Table 7 . (2) Second parameter optimization According to the results of first optimization, the calculated value got much closer to the monitoring value of monitoring section DBC-02 for ground surface settlement and the deformation of retaining wall also got much closer to the inclinometry monitoring value, which embodied certain optimization effects. The error of optimum value R was controlled within 30% and σ value decreased from 17.24% to 13.85%. However, R value did not reach the requirement for precision, namely 10%. Moreover, there was also a problem that the calculated extreme value of far-end ground surface settlement and the extreme value of inclinometry of calculation of left retaining wall were small. Considering that the master control soil stratum of the corresponding section of Axis 4 was residual sandy sticky clay, the attempt was made to slightly decrease the small strain stiffness of residual sandy sticky clay and increase the stiffness of artificial fill. See Table 8 for the soil stiffness parameters after the second optimization.
After the second optimization of soil stiffness parameters, the calculated deforming mesh corresponding to Phase 4 was shown in Figure 7 and the subsider outside the left pit was relatively flat. See Table 9 for the deviation between on-site measured value and calculated value. Seen from the results of the second optimization, the error of extreme value was successfully controlled within 10% and the standard deviation σ was decreased to be less than 15% through "slightly decreasing the small strain stiffness of residual sandy sticky clay and increasing the stiffness of artificial fill". By this point, parameter optimization had reached convergence criterion and could enter into the predication of the next working condition.
Parameter Optimization of Phase 6
In case numerical simulation analysis was conducted for the construction conditions of Phase 6 according to optimized parameters of Phase 4, the calculated deforming mesh was shown in Figure 8 and the deviation between the on-site measured data and numerical calculation results was shown in Table 10 . The comparison between numerical simulation results and on-site monitoring results in Phase 6 showed that the prediction precision was improved greatly after inheriting the optimized parameters of Phase 4. The error of extreme value of left ground surface settlement of foundation pit was very small, while the error of right ground surface settlement of the foundation pit was slightly higher. In general the standard deviation σ was lower. Moreover, the deformation of retaining wall was relatively large and needed further optimization. The optimized parameters needed to be further optimized were shown in Table 11 .
After the stiffness parameters of residual sandy sticky clay was optimized properly, the calculated deforming mesh corresponding to Phase 6 was shown in Figure 9 and the deviation between on-site measured value and calculated value was shown in Table 12 . The results of the first optimization showed that the error of extreme value was successfully controlled within 10% and the standard deviation σ was decreased to be less than 15% through the method of "decreasing  of residual sandy sticky clay to 80%". By this point, parameters of the first optimization had reached convergence criterion and could enter into the predication of the next working condition.
Parameter Optimization of Phase 8
In case numerical simulation analysis was conducted for the construction conditions of Phase 8, this section inherited the parameters optimized in last section. The calculated deforming mesh was shown in Figure 10 and the deviation between on-site measured value and calculated value was shown in Table 13 . The comparison between numerical simulation results and on-site monitoring results in Phase 8 showed that the prediction precision was improved greatly after inheriting the optimized parameters of Phase 6. The error of optimum values of ground surface settlement of both sides of foundation pit was controlled within 10% and the standard deviation σ was decreased to be less than 15%.
The corresponding calculated value of ground surface settlement and the measured value under the working condition of Axis 4 excavated to the bottom were respectively drawn in comparison curve graph, as shown in Figure 11 . The ground surface settlement of left and right sides of foundation pit was slightly more than the measured value, but the precision of ground surface settlement had met the requirements. 
Parameter Optimization of Axis 17
According to on-site exploration data, the approximate distribution of the corresponding soil stratum of Axis 17 was listed in Table 14 .
Based on calculation optimization of the section of Axis 4 and the same method, the comparison between calculated results after first optimization and on-site measured results showed that the analysis of excavation deformation of Axis 17 had reached the convergence criteria. The corresponding calculated value of ground surface settlement and the measured value under the working condition of Axis 17 excavated to the bottom were respectively drawn in comparison curve graph, as shown in Figure 12 . 
Parameter Optimization of Axis 20
According to on-site exploration data, the approximate distribution of the corresponding soil stratum of Axis 20 was listed in Table 15 .
Based on calculation optimization of Axis 4 and Axis 20 sections, the obtained results calculated with final optimized parameters could meet the convergence criteria directly. The corresponding calculated value of ground surface settlement and the measured value under the working condition of Axis 20 excavated to the bottom were respectively drawn in comparison curve graph, as shown in Figure 13 . 13 . Ground subsidence of section Axial 20 when the excavation is finished
CONCLUSION
According to measured data of inclinometry site of ground surface settlement and retaining wall of deep foundation pit of Xiamen City Square Station, the inversion optimization for small strain stiffness parameters of soil was conducted from the shallower to the deeper by taking the modified range and standard deviation as convergence indexes and combining with elatic-plastic displacement back analysis method, thus to further realize the high-precision prediction analysis of foundation pit excavation.
(1) For the section of Axis 4, displacement back analysis was firstly conducted for the excavation of shallow part and the convergence criteria were reached after three times of parameter optimization. Prediction analysis was conducted for the deformation of foundation pit excavated to the bottom, which directly reached the convergence criteria without parameter optimization. It revealed the effectiveness and feasibility of parameter optimization conducted on the basis of displacement back analysis method from the shallower to the deeper.
(2) Based on the optimized parameters of the section of Axis 4, three typical working conditions of calculation of the section of Axis 17 could reach convergence criteria after being optimized once.
(3) For the section of Axis 20, the deviation between the calculated results and the measured values obtained by applying the optimized parameters of Axis 4 and Axis 17 could directly reach the convergence criteria, which showed that the parameters through previous optimization had achieved a considerably high precision and could be used for high-precision prediction analysis.
In conclusion, the parameter optimization method proposed in this study can control the convergence error within a smaller scope, only through 3-5 times of optimization and adjustment of the parameters, and can further realize high-precision prediction analysis for subsequent construction. Characterized by fast convergence and high precision, this method has very high practical engineering value. Especially, combined with information construction, it can realize effective utilization of the previous measured data and reasonable guidance for the future construction and it can be expanded to other practices of geotechnical engineering. 
